As risk for secondary breast cancer is elevated among cancer survivors treated with conventional therapy, we sought to determine the risk among 3337 female 5-year survivors who underwent an allogeneic hematopoietic cell transplantation (HCT) at the Fred Hutchinson Cancer Research Center or at one of 82 centers reporting to the European Bone Marrow Transplant Registry. Risk was calculated using standardized incidence ratios (SIRs), and risk factors were evaluated with a multivariable Cox proportional hazards model. Fifty-two survivors developed breast cancer at a median of 12.5 (range: 5.7-24.8) years following HCT (SIR ‫؍‬ 2.2). Twenty-five-year cumulative incidence was 11.0%, higher among survivors who received total body irradiation (TBI) (17%) than those who did not receive TBI (3%). In multivariable analysis, increased risk was associated with longer time since transplantation (hazard ratio 
Introduction
Hematopoietic cell transplantation (HCT) is now successfully used in the treatment of malignant and nonmalignant diseases, resulting in a growing cohort of long-term survivors. Accompanying this survivorship has been the development of adverse long-term outcomes, including subsequent malignant neoplasms (SMNs). 1 New cancers of solid organs have been reported among HCT survivors, with an excess risk for cancers of the liver, thyroid, brain, bone, connective tissue, cervix, oral cavity, and skin. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Survivors of cancer treated with conventional chemoradiotherapy are at an increased risk for the development of subsequent breast cancer. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] We therefore hypothesized that survivors of HCT would also have an excess risk for subsequent breast cancer, with the risk modified by the use of total body irradiation (TBI) and the occurrence of chronic graft-versus-host disease (GVHD), as has been reported for other solid organ cancers following HCT. [4] [5] [6] 8, 9 
Methods

Patients
Data were available for 3337 female patients who underwent transplantation at the Fred Hutchinson Cancer Research Center (FHCRC, n ϭ 968) or affiliated hospitals in Seattle or at one of 82 centers reporting to the European Group of Bone and Marrow Transplantation (EBMT, n ϭ 2369) between November 1969 and December 2000 and who survived at least 5 years after HCT. Additional participants in the EBMT Study Group may be found in Document S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article.)
Patient follow-up and data collection
Clinical surveillance of patients who underwent HCT was approved by the FHCRC Institutional Review Board and by the review boards at each of the participating institutions reporting to the EBMT. Informed consent was provided according to the Declaration of Helsinki. Patient characteristics, HCT treatment regimens, and clinical outcome data were collected prospectively and stored in the FHCRC and the EBMT databases. At the FHCRC, a long-term follow-up department has been in place for more than 30 years to capture late events and better characterize and determine the incidence of delayed complications, such as SMNs. Patients and their physicians are contacted annually for information on the patient's overall condition and targeted long-term complications, including the development of SMNs. In addition, there are alert forms for specific targeted outcomes, such as SMNs or mortality. In the EBMT, patients are also followed long term at their centers to capture long-term outcomes. Patients are also seen annually at their transplant centers for evaluation. If they are unable to return to the transplant center, the information is collected from their primary health care provider. Participating centers then report to the EBMT central office annually on follow-up, which includes reporting of SMNs. Eighty-seven percent of the combined FHCRC-EBMT cohort have had contact with their transplant center within the past 6 years.
Breast cancers were initially ascertained by report from either survivors or their physicians. Subsequent verification and validation was undertaken for all reports, with requests for pathology reports or more detailed clinical notes. Detailed physician records were available for all cases of breast cancer and pathology was available for 30 cases (58%).
Statistical analyses
Cumulative incidence estimates of secondary breast cancer were calculated, 22 using time from 5 years after HCT to first occurrence of breast cancer, treating death or second transplantation as a competing risk event and censoring at the date of last contact. Standard errors of cumulative incidence estimates were calculated and used to evaluate 95% confidence intervals (CIs). 23 Cumulative incidence curves were compared using Gray test. 24 Age-and calendar year-adjusted standardized incidence ratios (SIRs) of observed to expected malignancies were evaluated using United States Surveillance Epidemiology End Results (SEER) for expected rates. 25, 26 Because EBMT subjects were from 22 different countries, it was difficult to ascertain exact expected breast cancer rates for this population. Since the US rates would be expected to be slightly higher than European rates, and there is some evidence that the differences would not be large between developed countries such as these, 27 SEER rates were selected to calculate SIR for all subjects. The possible bias induced by this assumption would be to overestimate expected breast cancer numbers and therefore underestimate the SIR; thus these estimates should be viewed as conservative. Cox proportional hazards models were used to evaluate potential risk factors using age as the time scale to more directly control for the increased risk of breast cancer with increasing age. 28 Under this framework, subjects enter the risk set for analysis at the age at which they enter the cohort (5 years after HCT). They contribute to the Cox model until the age at which they develop breast cancer, or at which follow up is censored. This method ensures that HRs are calculated based on comparisons between subjects at the same age. Candidate risk factors evaluated included age at HCT, primary disease, status of disease at HCT, donor/patient HLA compatibility, use of total body irradiation (TBI), acute and chronic graft-versushost disease (GVHD), cohort (EBMT vs FHCRC), and years since HCT. All models were adjusted for length of follow up since HCT. Final multivariable models included those factors that markedly influenced hazard ratios (HRs) for other factors (confounders) or that were statistically significant themselves in step-down modeling procedures. All statistical analyses were carried out using Stata 9.2 software (StataCorp, College Station, TX).
Results
Of the 3337 female allogeneic transplant patients who survived at least 5 years after transplantation, 52 developed breast cancer at a median of 12.5 (range: 5.7-24.8) years after HCT, at a median age of 47.5 (range: 25.5-65.8) years. Of those, 43 (83%) remain alive at a median of 17.4 (range: 7.4-33.1) years after HCT. Of the 3285 patients who have not developed breast cancer, 3036 (92%) remain alive at a median of 9.9 (range: 7.0-32.2) years after transplantation, while 249 died at a median Source and dose of TBI as well as pretransplantation radiotherapy were not collected systematically on the entire cohort. However, 90% of breast cancers occurred among patients receiving TBI, while 64% of those without breast cancer received TBI. During this time period, the source of TBI changed from cobalt to linear accelerator in the cohort in 1998 to 2000, with changes from single-dose to fractionated-dose TBI taking place between 1977 and 1990, all dependent on protocol. Fractionated TBI doses ranged from 8 to 15.75 Gy. Single-dose TBI doses were 9.2 to 10 Gy. Among the 22 patients who developed breast cancer after HCT for acute leukemia, 5 had acute lymphoblastic leukemia (ALL) and only 2 were likely to have received craniospinal radiotherapy in addition to TBI. Splenic pedicle radiotherapy was rarely used in either cohort prior to transplantation for patients with chronic myelogenous leukemia (CML). Five patients developed breast cancer without receiving TBI. Three of these patients were treated for aplastic anemia, one for myelodysplastic syndrome, and the other for CML. None received pretransplantation radiotherapy.
Only 9.6% and 27.3% of the women who developed breast cancer had grades III to IV acute GVHD or chronic GVHD, respectively. In comparison, among those who did not develop breast cancer, 9.4% had grades III to IV acute GVHD and 28.9% had chronic GVHD (Table 1) .
Histology was available on 30 of the 52 breast cancers. Twenty-six were infiltrating ductal, 2 were infiltrating lobular, and one each was fibrocarcinoma and cystosarcoma phyllodes. Stage was available on 31 patients and 16 were stage I, 7 were stage II, 5 were stage III, and 3 were stage IV. Three patients had bilateral disease.
Compared with the general population, female survivors of HCT had a modestly increased risk for breast cancer (SIR ϭ 2.2; 95% CI: 1.7-2.9). The SIR was highest for patients aged 25 to 29 years (SIR ϭ 27.1; 95% CI: 11.3-65.2), but remained elevated for subsequent age groups: 30 to 39 years (SIR ϭ 4.1; 95% CI: 2.2-7.7), 40 to 59 years (SIR ϭ 1.6; 95% CI: 1.1-2.3), and 60 years or older (SIR ϭ 2.6; 95% CI: 1.3-5.5). The SIR also increased with time after HCT: At 5 to 9 years the SIR was 1.4 (95% CI: 0.9-2.3). It rose to 2.0 (95% CI: 1.2-3.3), 3.8 (95% CI: 2.1-6.8), and 10.3 (95% CI: 5.3-19.7) at 10 to 14, 15 to 19, and 20ϩ years after HCT, respectively. The SIR did not differ between the FHCRC (SIR ϭ 2.1; 95% CI: 1.4-3.1) and EBMT (SIR ϭ 2.3; 95% CI: 1.6-3.3) cohorts.
The SIR was highest for those younger than 18 years at time of HCT (SIR ϭ 25.0; 95% CI: 12.5-50.1), but remained elevated for those ages 18 to 39 years (SIR ϭ 2.1; 95% CI: 1.4-3.0) and those who received a transplant at 40 years or older (SIR ϭ 1.7; 95% CI: 1.1-2.6).
Cumulative incidence estimates for breast cancer markedly increased from 10 years (0.8%; 95% CI: 0.5%-1.2%) to 20 years (4.6%; 95% CI: 3.1%-6.7%) after HCT ( Table 2) . At 25 years the cumulative incidence was 11.0% (95% CI: 7%-16%; Figure 1 ), higher among survivors who had been treated with TBI (17%; 95% CI: 9%-26%) than those who did not receive TBI (3%; 95% CI: 1%-7%, P Ͻ .001; Figure 2 ).
We also determined the impact of breast cancer on mortality. Adjusted for age at transplantation, TBI, disease status at transplantation, chronic GVHD, and cohort (EBMT vs FHCRC), the hazard for death for those who developed breast cancer was 2.5 (95% CI: 1.1-5.8; P ϭ .03) compared with those without breast cancer.
Initially, we examined the potential impact of each host, disease, and treatment-related risk factor on the development of breast cancer in separate Cox proportional hazards regression analyses adjusted only for time since transplantation and treating current age as the time scale. Compared with subjects 40 years or older at HCT, younger age at HCT (Ͻ 18 years) significantly increased the risk of breast cancer (HR ϭ 6.8; 95% CI: 1.3-35.8). Use of a TBI-containing conditioning regimen was a significant risk factor (HR ϭ 3.8; 95% CI: 1.5-9.6). There was no significant interaction between age at HCT and TBI (P ϭ .67). Transplantation for lymphoma conveyed a significant risk (HR ϭ 9.2; 95% CI: 1.9-43.7) compared with bone marrow failure or other nonmalignant disorders. Donor type, development of acute or chronic GVHD, and cohort did not impact the risk of breast cancer.
In multivariable Cox regression, time since transplantation, TBI-containing conditioning, and age at HCT were significant independent risk factors ( Table 3) . Because of the strong correlation between TBI and primary cancer diagnosis, we did not include the latter in this model. In an effort to separate the effects of TBI and lymphoma, the same multivariate model was fit among the subpopulation of nonlymphoma subjects, and the For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From risks due to TBI remained significantly elevated (HR ϭ 3.8; 95% CI: 1.5-9.8). It was not possible to fit such a model among lymphoma patients since all breast cancer cases in this group had received TBI. In a separate, secondary, multivariable model that included the effect of lymphoma as a primary cancer diagnosis, the risk conferred by lymphoma compared with other diagnoses was elevated with only marginal significance (HR ϭ 2.7; 95% CI: 0.95-7.6; P ϭ .06) while TBI remained significant (P Ͻ .001).
Discussion
With considerable improvement in the cure rate of patients undergoing HCT over the last 4 decades, there has been increased interest in long-term outcomes and complications, including subsequent malignancies. The combined FHCRC-EBMT patient population presents an ideal cohort to study risk factors for such adverse long-term outcomes, as HCT has been carried out successfully by these groups since 1969, and excellent follow up has been secured, with mechanisms in place for survivors or health care providers to report late events. This research should contribute to improved understanding of the pathogenesis of secondary carcinogenesis and generate information on prevention and screening strategies for those at increased risk.
In this analysis, we identified an elevated risk of breast cancer among female patients treated with allogeneic HCT at the FHCRC or at one of 82 centers reporting to the EBMT. Younger age at time of HCT and the use of TBI in the conditioning regimen were the predominant risk factors. Risk increased with ongoing time since HCT. Compared with those in the cohort who did not develop breast cancer, mortality risk was increased in patients with secondary breast cancer. Cumulative incidence increased with follow up, without current evidence of a plateau.
Use of TBI was a strong independent risk factor for secondary breast cancer. The risk conferred by radiotherapy in our cohort is consistent with reports of secondary breast cancer following conventional therapy for Hodgkin lymphoma, where one of the most significant risk factors is thoracic radiotherapy, with higher doses, particularly more than 40 Gy, conferring the highest risk. [13] [14] [15] [16] [17] [18] [19] [20] [21] 29 A limitation of the study is that we did not have pretransplantation radiotherapy exposure available for all patients. However, 48 of the 52 breast cancers occurred in patients treated for malignancies in which radiotherapy to the thorax would have been unlikely, and therefore it is unlikely that pretransplantation radiotherapy was a significant risk factor in the majority of cases. Two patients likely received craniospinal radiotherapy for ALL during childhood. However, large cohort studies of secondary cancers following childhood ALL do not show an increased risk of breast cancer as a second malignancy. [30] [31] [32] TBI doses in our cohort ranged from 8 to 15 Gy, considerably lower than those used for the treatment of Hodgkin lymphoma, but homogenous across breast tissue. These doses may, therefore, well be comparable with the doses received by the breast as a result of mantle radiotherapy. [33] [34] [35] In addition, they were delivered as a single fraction or over 2 to 5 days, as opposed to several weeks, potentially increasing the dosimetry to breast tissue, particularly for those with single fraction dose. These data are consistent with the finding that TBI increases the risk for other solid organ malignancies after HCT. [3] [4] [5] [6] [7] [8] [9] [10] [11] During this period, TBI doses decreased overall, with increased use of fractionation. However, with long latency between exposure and onset of breast cancer, it will be only through continued follow up of this cohort that the impact of these changes on breast cancer incidence may be recognized.
In our analysis, the diagnosis of lymphoma carried an increased risk of secondary breast cancer, 9-fold in analyses adjusted only for length of follow up; however, when adjusted for the other risk factors such as age and use of TBI, the effect was only of borderline significance. This contrasts with some studies in the nontransplantation setting, where survivors of Hodgkin lymphoma appear to be at uniquely increased risk, compared with other diagnostic groups, with Hodgkin lymphoma an independent risk factor in some studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Our findings may be a reflection of the fact that more patients with lymphoma received TBI (88%) than patients with other diagnoses (68%). It is difficult, therefore, to completely [12] [13] [14] 16, 17, 19 as well as for other solid organ and skin cancers following HCT [4] [5] [6] [7] [8] 10, 11 and pediatric cancer survivors. 9, 17, 36 However, although those treated in the pediatric age group were at highest risk, it should be noted that elevated risk remained through patients treated at 60 years and older compared with population incidence.
With longer follow up after HCT, both the cumulative incidence of breast cancer and the SIR increased in our cohort. In evaluating risk factors for second cancer, the question of whether to use time since transplantation or age as the scale in the analysis is an important one to consider. Our analysis addressed the issue of changing risk of breast cancer with attained age by using age as the time scale for Cox regression models, while adjusting for years of follow-up. 28 We found no association between secondary breast cancer and GVHD, although both acute and chronic GVHD have been reported to be risk factors for several types of solid tumors, often in sites where GVHD is most prominent-liver, skin, and mucosal surfaces. 2, [4] [5] [6] 9 The lack of association with GVHD may be because breast tissue is unaffected by GVHD, or it is possible that the risk conferred by TBI obscured such an effect in many patients who received TBI and developed GVHD.
Despite the associations between second breast cancers and TBI, younger age at transplantation, and time since HCT, there were likely other factors that contributed to the breast cancer risk, for example hormonal influences. It is known that females who have undergone HCT may develop either primary or secondary ovarian failure, [37] [38] [39] [40] [41] which may require hormonal replacement therapy and may affect childbearing, which in turn may modify the risk of breast cancer. A limitation of our analysis is indeed that we did not have available complete data on hormonal exposures in our population, or other populationbased risk factors for breast cancer, such as age at menarche, pregnancy history, family history of cancer, or pertinent environmental exposures. As the histology and stage distribution in the cohort was similar to de novo breast cancer, these would be valuable data to collect. With the excellent follow up in our combined cohort, it is possible to obtain this information, an initiative for future research.
In summary, female survivors of HCT are at increased risk for developing breast cancer, with younger age at diagnosis, increased time since transplantation, and use of TBI being the major risk factors. Given the lack of plateau evident in the cumulative incidence, it is likely that the risk of breast cancer will continue to increase over the ensuing decades after HCT. Screening for breast cancer is now recommended for women treated for Hodgkin lymphoma with radiotherapy, and similar lifelong screening should be considered for women who underwent allogeneic HCT, particularly in those younger at time of HCT with TBI as part of the conditioning regimen. Such screening may include self-and provider examination, mammography, or breast magnetic resonance imaging (MRI), as has been recommended for survivors of childhood cancer and Hodgkin lymphoma. 3, [42] [43] [44] The successes in treating many cancers by HCT are not negated by the increased risk of breast cancer. However, survivors and their physicians should be aware of the increased risk, in order that screening for early detection is implemented. Further research is required to better define the subset of female transplantation survivors at highest risk, so that modifiable risk factors such as diet, weight, exercise, alcohol and tobacco exposure, and hormonal therapy [45] [46] [47] [48] [49] can be appropriately addressed.
